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ABSTRACT
We present a new analysis of the interstellar protons toward the TeV γ-ray SNR RX J0852.0−4622 (G266.2−1.2,
Vela Jr.). We used the NANTEN2 12CO(J = 1–0) and ATCA & Parkes Hi datasets in order to derive the molecular
and atomic gas associated with the TeV γ-ray shell of the SNR. We find that atomic gas over a velocity range from
VLSR = −4 km s
−1 to 50 km s−1 or 60 km s−1 is associated with the entire SNR, while molecular gas is associated
with a limited portion of the SNR. The large velocity dispersion of the Hi is ascribed to the expanding motion of a few
Hi shells overlapping toward the SNR but is not due to the Galactic rotation. The total masses of the associated Hi
and molecular gases are estimated to be ∼ 2.5× 104 M⊙ and ∼ 10
3 M⊙, respectively. A comparison with the H.E.S.S.
TeV γ-rays indicates that the interstellar protons have an average density around 100 cm−3 and shows a good spatial
correspondence with the TeV γ-rays. The total cosmic ray proton energy is estimated to be ∼ 1048 erg for the hadronic
γ-ray production, which may still be an underestimate by a factor of a few due to a small filling factor of the SNR
volume by the interstellar protons. This result presents a third case, after RX J1713.7−3946 and HESS J1731−347,
of the good spatial correspondence between the TeV γ-rays and the interstellar protons, lending further support for a
hadronic component in the γ-rays from young TeV γ-ray SNRs.
Keywords: cosmic rays—gamma rays: ISM—ISM: supernova remnants—ISM: clouds—ISM: individual
objects (RX J0852.0−4622, G266.2−1.2, Vela Jr.)
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1. INTRODUCTION
The origin of the cosmic rays (CRs) is one of the most
fundamental issues in modern astrophysics since the dis-
covery of the CRs by Victor Franz Hess in 1912. It
is in particular important to understand the origin of
the CR protons, the dominant constituent of the CRs.
There have been a number of studies to address the
acceleration sites of CR protons in the Galaxy (e.g.,
Hess & Steinmaurer 1935). It is widely accepted that
CR particles are accelerated up the energies below 1015
eV via the diffusive shock acceleration (DSA), which
takes place for instance between the upstream and down-
stream of the high velocity shock front of the SNR (e.g.,
Bell 1978; Blandford & Ostriker 1978). It is crucial to
verify observational signatures for the hadronic γ-rays
of the CR proton origin.
The recent advent of high resolution γ-ray observa-
tions have allowed us to image some 20 SNRs, offering a
new opportunity to identify the hadronic γ-rays. Among
them, four SNRs, RX J1713.7−3946, RX J0852.0−4622,
RCW 86 and HESS J1731−347, show shell-type TeV
γ-rays morphology as revealed by High Energy Stereo-
scopic System (H.E.S.S.) (Aharonian et al. 2004, 2005,
2006, 2007a,b, 2009; H.E.S.S. Collaboration et al. 2011,
2016a,b,c). Potential hadronic γ-rays are produced
by the proton-proton collisions followed by neutral
pion decay, while any leptonic γ-rays come from CR
electrons via the inverse-Compton effect and possibly
Bremsstrahlung.
Previous interpretations of the γ-ray observations usu-
ally used mainly the γ-ray spectra in order to discern
the above two processes, while some attempts were
made to consider explicitly the target protons in the
interstellar medium (ISM) (e.g., Aharonian et al. 2006,
2007b). A conventional assumption is that the target
protons are uniform, having density of 1 cm−3 (e.g.,
Aharonian et al. 2006). Such a low density is pre-
ferred because the DSA works efficiently at such low
density. It is however becoming recognized that the
γ-ray spectrum alone may not be sufficient to settle
the origin of the γ-rays because the penetration of the
CR protons into the target ISM may significantly de-
pend on the density of the ISM (Gabici et al. 2007);
the higher energy CR protons can penetrate deeply
into the surrounding molecular cloud cores, whereas
the lower energy CR protons cannot, making the γ-ray
spectrum significantly harder than the fully interacting
case (Inoue et al. 2012, hereafter I12: see also references
therein). I12 therefore suggest that the γ-ray spectra are
not usable to discern the γ-ray production mechanisms,
but that the spatial correspondence between the γ-rays
and ISM distribution is a key element in testing for a
hadronic γ-ray component. The effect of clumpy ISM
was also discussed by Zirakashvili & Aharonian (2010)
and Gabici & Aharonian (2014). It is often noted that
the acceleration via DSA must happen in a low-density
space, which has too low a density for the hadronic origin
to be effective (e.g., Ellison et al. 2010). This is however
not a difficulty if one takes into account the highly inho-
mogeneous ISM distribution as is commonly the case in
a stellar wind evacuated cavity with a dense surrounding
ISM shell like in RX J1713.7−3946 (Sano et al. 2010).
Several of the previous studies analyzed explicitly
the distribution of the candidate target ISM protons
observed by CO and compared them with the γ-
ray distribution in the most typical TeV γ-ray SNRs
including RX J1713.7−3946 and RX J0852.0−4622.
Aharonian et al. (2006) compared the TeV γ-ray dis-
tribution with the mm-wave rotational transition of
CO, the tracer of H2, obtained with the NANTEN 4
m telescope. These authors found some similarity be-
tween CO and γ-rays in RX J1713.7−3946, whereas
part of the γ-ray shell was completely missed in CO.
The authors thus did not reach a firm conclusion on the
target ISM protons in the hadronic scenario. In case
of RX J0852.0−4622, Aharonian et al. (2007b) made a
similar comparison in a velocity range of 0–20 km s−1
but found little sign of the target protons in CO. So,
the ISM associated with RX J0852.0−4622 remained
ambiguous.
Fukui et al. (2012) (hereafter F12) carried out a
detailed analysis of the ISM protons toward the
RX J1713.7−3946 by employing both the molecular
and atomic protons, and have shown for the first time
that these ISM protons have a good spatial correspon-
dence with the TeV γ-rays. This new study showed that
the atomic protons are equally important as molecular
protons as the target in the hadronic process, which was
not previously taken into account. The study by F12
provides a necessary condition for the hadronic process,
lending support for the hadronic scenario, although this
correspondence alone does not exclude the leptonic pro-
cess. F12 and I12 further considered the other relevant
aspects including magneto-hydro-dynamical numerical
simulations of the SN shocks and X-ray observations
(see also Sano et al. 2010, 2013, 2015) and argued that
the TeV γ-rays in RX J1713.7−3946 is likely emitted
via the hadronic process.
Another young SNR RX J0852.0−4622 was discovered
by Aschenbach (1998), and RX J0852.0−4622 shows a
hard X-ray spectrum toward part of the more extended
Vela SNR in ROSAT All-Sky Survey image. TeV γ-rays
were detected and imaged toward RX J0852.0−4622 by
H.E.S.S.. RX J0852.0−4622 shows similar properties
3Figure 1. (a) Distribution of the γ-rays and X-rays in the RX J0852.0−4622 region. The TeV γ-rays in false color are obtained
with H.E.S.S. (E > 250 GeV) at an angular resolution of 0.06 degrees (Aharonian et al. 2007b) and the black contours represent
Suzaku X-rays (E: 2.0–5.7 keV) at an angular resolution of 2 arcmin. Contour levels are 0.20, 0.25, 0.40, 0.65, 1.00, 1.45, and
2.00 × 10−3 counts s−1 pixel−1. The white cross indicates the position of PSR J0855−4644 (Acero et al. 2013). (b) Three color
image of the SNR RX J0852.0−4622, consisting of the NANTEN 12CO(J = 1–0) (Moriguchi et al. 2001) in red, the ATCA &
Parkes Hi in green, and the Suzaku X-rays in blue. The velocity renege is from 22 km s−1 to 33 km s−1 for CO; from 28 km
s−1 to 33 km s−1 for Hi.
with RX J1713.7−3946; they are both young with ages
of 2400–5100 yrs for RX J0852.0−4622 (Allen et al.
2015): ∼1600 yr for RX J1713.7−3946 (e.g., Fukui et al.
2003; Moriguchi et al. 2005) having synchrotron X-ray
emission without thermal features and share shell-like
X-ray/TeV γ-ray morphology. RX J0852.0−4622 has
an apparently large diameter of about 2 degrees. The
size will allow us to test spatial correspondence between
the γ-rays and the ISM at 0.12 degree angular resolu-
tion in FWHM of H.E.S.S.. We have two more shell-
like TeV γ-ray SNRs RCW 86 and HESS J1731−347
(Aharonian et al. 2009; H.E.S.S. Collaboration et al.
2011). In HESS J1731−347, Fukuda et al. (2014) car-
ried out a comparative analysis of the ISM and γ-rays
and have shown that the ISM protons show that their
spatial distributions are similar with each other, being
consistent with a dominant hadronic component of g-
rays plus minor contribution of a leptonic component.
In RCW 86, a similar comparative analysis is being
carried out by Sano et al. (2017).
The distance of RX J0852.0−4622 was not well deter-
mined in the previous works (e.g., Slane et al. 2001a,b;
Iyudin et al. 2007; Pannuti et al. 2010; Katsuda et al.
2008; Allen et al. 2015; Maxted et al. 2017). A possible
distance of RX J0852.0−4622 was 250 ± 30 pc similar
to the Vela SNR (Cha et al. 1999), while another pos-
sible distance was larger than that of the Vela SNR.
Slane et al. (2001a,b) argued that RX J0852.0−4622 is
physically associated with the giant molecular cloud,
the Vela Molecular Ridge (VMR, May et al. 1988;
Yamaguchi et al. 1999b), and the distance of the VMR
was estimated to be 700 pc to 200 pc (Liseau et al.
1992). It is however not established if the VMR is
physically associated with RX J0852.0−4622 (see e.g.,
Pannuti et al. 2010). Toward the northwest-rim of
RX J0852.0−4622, two observations were made with
the XMM -Newton and an expansion velocity was de-
rived and an age of 1.7–4.3×103 years was estimated
by Katsuda et al. (2008), assuming the free expansion
phase. Recently, Allen et al. (2015) improved the ex-
pansion measurement by using two Chandra datasets
separated by 4.5 years toward the northwestern rim of
RX J0852.0−4622. They derived an age of 2.4–5.1×103
year old and the range of distance from 700 to 800 pc,
which are roughly consistent with the previous study
by Katsuda et al. (2008). We will therefore adopt the
distance ∼750 pc to RX J0852.0−4622 in the present
paper. Analyses of a central X-ray source in this SNR
4 Fukui et al.
Figure 2. Velocity channel distribution of 12CO(J = 1–0) obtained with the NANTEN telescope. Each panel shows a CO
brightness temperature averaged over the velocity range from −10 km s−1 to 80 km s−1 every 10 km s−1. Superposed are the
H.E.S.S. γ-ray contours in white at every 10 counts from 50 counts as the lowest. The beam sizes of NANTEN and H.E.S.S. are
shown as full width at half maximum (FWHM).
5Figure 2. Continued.
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Figure 3. Velocity channel distribution of Hi obtained with the ATCA & Parkes telescopes. Each panel shows the Hi brightness
temperature averaged over the velocity range from −10 km s−1 to 80 km s−1 every 10 km s−1. Superposed are the same as
Figure 2.
7Figure 3. Continued.
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Table 1. Properties of CO Clouds toward the SNR RX J0852.0−4622
Name l b TR∗ Vpeak ∆V Size Mass
(degree) (degree) (K) (km s−1) (km s−1) (pc) (104 M⊙)
(1) (2) (3) (4) (5) (6) (7) (8)
CO0S 267.07 −1.63 2.86 3.47 3.48 3.2 220
CO20E 266.87 −0.67 11.46 19.80 2.06 6.8 1330
CO25W 266.47 −2.04 7.48 24.00 1.72 6.2 650
CO25C 266.13 −1.00 2.04 24.45 2.68 1.9 40
CO30E 266.67 −0.87 6.28 31.09 2.78 3.0 180
CO45NW 265.33 −1.10 4.42 44.68 4.07 4.0 330
CO60NW 265.53 −1.47 3.31 63.98 2.25 6.3 410
Note—Col. (1): Name of CO cloud. Cols. (2–7): Physica properties of the CO cloud obtained by a single Gaussian fitting.
Cols. (2)–(3): Position of the peak intensity in the Galactic coordinate. Col. (4): Radiation temperature. Col. (5): Center
velocity. Col. (6): Full-width half-maximum (FWHM) of line width. Col. (7): Size of CO cloud defined as 2 × (A/pi)0.5,
where A is the area of cloud surface surrounded by the CO contours in Figure 5. Col. (8): Mass of CO cloud is defined as
mH µ
∑
i
[D2 Ω N(H2)], where mH is the mass of the atomic hydrogen, µ is the mean molecular weight, D is the distance to
RX J0852.0−4622, Ω is the angular size in pixel, and N(H2) is column density of molecular hydrogen for each pixel. We used
µ = 2.8 by taking into account the helium abundance of 20% relative to the molecular hydrogen in mass, and N(H2) = 2.0 ×
1020[W (12CO) (K km s−1)] (cm−2) (Bertsch et al. 1993).
using data from multiple observatories suggest that the
progenitor of the SNR is a high-mass star which led to
a core-collapse type SNe (Aschenbach 1998; Slane et al.
2001a; Mereghetti 2001; Pavlov et al. 2001). This con-
clusion is also consistent with the estimate of the current
SNR shell expansion speed (Chen & Gehrels 1999).
In this paper, we present the results of an analysis of
the ISM protons toward RX J0852.0−4622 by using both
the CO and Hi data. Section 2 gives the observations of
CO and Hi. Section 3 describes the high-energy γ-ray
and X-ray data. Section 4 gives the results of the CO
and Hi analyses and Section 5 discussion. We conclude
the paper in Section 6.
2. OBSERVATIONS
2.1. CO observations
Observations of the 12CO(J = 1–0) transition was car-
ried out by the NANTEN 4 m telescope of Nagoya Uni-
versity at Las Campanas Observatory (2400 m above the
sea level) in Chile in 1999 May–July (Moriguchi et al.
2001). The half-power beam width (HPBW) at the
frequency of the 12CO(J = 1–0), 115.290 GHz, was
160′′. The observations were made by position switching
mode and grid spacing was 120′′. SIS (superconductor-
insulator-superconductor) mixer receiver provided Tsys
of ∼ 250 K in the single side band (SSB) including the
atmosphere in the direction of the zenith. The spectrom-
eter was an AOS (acousto-optical spectrometer) with 40
MHz bandwidth and 40 kHz resolution, providing 100
km s−1 velocity coverage and a velocity resolution of 0.1
km s−1. The velocity always refers to that of the local
standard of rest. The rms noise per channel is ∼ 0.5 K.
2.2. Hi observations
We used the high resolution 21 cm Hi data obtained
with Australia Telescope Compact Array (ATCA) in
Narrabri, New South Wales in Australia consisting of
six 22 m dishes. The region of RX J0852.0−4622 in
l = 266 degree was observed as part of the Southern
Galactic Plane Survey (SGPS; McClure-Griffiths et al.
2005) and was combined with the Hi data taken with
the 64 m Parkes telescope. The Parkes Hi data were
taken for b = −10 to +10 degrees, while the ATCA
covers b = −1.5 to +1.5 degrees. In order to supple-
ment the southwestern half of the SNR new Hi observa-
tions were conducted during 24 hours on February 26–27
and March 29–30, 2011, with the ATCA in the EW352
and EW367 configurations (Project ID: C2449, PI: Y.
Fukui). We employed the mosaicking technique, with 43
pointings arranged in a hexagonal grid at the Nyquist
separation of 19′. The absolute flux density was scaled
by observing PKS B1934−638, which was used as the
primary bandpass and amplitude calibrator. We also
periodically observed PKS 0823−500 for phase and gain
9Figure 4a. Velocity channel distribution of the Hi images superposed with the 12CO(J=1–0) contours toward (a) the whole
region, (b) the east region, and (c) the north region. The velocity range is from 22 km s−1 to 31 km s−1 with 3 km s−1 interval
in (a); from 28 km s−1 to 34 km s−1 with 1 km s−1 interval in (b); from 22 km s−1 to 28 km s−1 with 1 km s−1 interval in (c).
The CO contours are every 0.57K (∼ 6σ) from 0.38 K (∼ 4σ) in (a); every 0.81 K (∼ 6σ) from 0.40 K (∼ 3σ) in (b) and (c).
White crosses and dashed circles in (b) and (c) indicate the center of the SNR (l, b) ∼ (266.◦28, −1.◦24) and the approximate
shell boundary (radius ∼0.76 degrees), respectively. White contours in (a) are the same as in Figure 2.
calibration. The MIRIAD software package was used for
the data reduction (Sault et al. 1995). We combined the
ATCA dataset with singledish observations taken with
the Parkes 64 m telescope and the SGPS dataset. The
final beam size of Hi is 245′′ × 130′′ with a position an-
gle of 117 degrees. Typical rms noise level was 1.4 K per
channel for a velocity resolution of 0.82 km s−1.
3. DISTRIBUTIONS OF THE SNR
Figure 1a shows the TeV γ-ray and X-ray distributions
of RX J0852.0−4622. These high energy features are
thin shell-like and are enhanced toward the northern
half.
The γ-ray distribution (Figure 1 of Aharonian et al.
2007b) is obtained in the energy above 0.3 TeV with
High Energy Stereoscopic System (H.E.S.S.) installed
in Namibia which utilized the first four 12 m diame-
ter Cherenkov telescopes of the current five-telescopes
H.E.S.S. array. The H.E.S.S. image has a point-spread
function of 0.06 degrees at the 68 % radius (hereafter
termed “r68”) or the half power full width of 0.144 de-
grees for 33 hr observations1. The shell is well resolved
1 A higher statistics γ-ray image was presented by
H.E.S.S. Collaboration et al. (2016c) with an angular resolution
for the 2-degree diameter, making RX J0852.0−4622
suitable for testing the spatial correspondence between
the ISM and the γ-rays. The γ-rays peaked toward (l, b)
∼ (266.◦97, −1.◦00) corresponds to a pulsar wind nebula
PSR J0855−4644 at a distance of below 900 pc, and is
not related to the RX J0852.0−4622 (Acero et al. 2013).
The total γ-ray flux in the energy range from 0.3–30 TeV
is estimated to be (84.1 ± 4.3stat ± 21.7syst) × 10
−12 erg
cm−2 s−1 (H.E.S.S. Collaboration et al. 2016c).
ROSAT observations (Aschenbach 1998; Aschenbach et al.
1999), ASCA observations (Tsunemi et al. 2000; Slane et al.
2001a,b), and Suzaku observations (Takeda et al. 2016)
show that the object is shell-like, with luminous north-
ern and southern rims and less luminous northeastern
and southwestern rims. The X-rays are superposed on
the γ-ray image in Figure 1a. The most prominent
X-ray peak is seen toward the northwestern shell, (l
,b) = (265.◦4, −1.◦2) (Tsunemi et al. 2000; Slane et al.
2001a,b). The X-rays are non-thermal with a photon
of r68 = 0.08 degree, poorer than 0.06 degree reported for the mor-
phological analysis in Aharonian et al. (2007b). Since there is no
significant difference between the two images except for the angu-
lar resolution and photon statistics, we therefore use the previous
image in Aharonian et al. (2007b) to improve the morphological
study in this paper.
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Figure 4b. Continued.
index around 2.7 and the absorbing column density of
2–4×1021 cm−2 (e.g., Tsunemi et al. 2000; Slane et al.
2001a,b; Bamba et al. 2005; Iyudin et al. 2005). ASCA
and Chandra observations of the SNR show that the
non-thermal X-rays are dominant with an absorption
column density 1–4×1021 cm−2 toward the X-ray peak.
A spatially-resolved spectroscopic X-ray study revealed
details of the fine structure in the luminous northwest-
ern rim complex of G 266.2−1.2 by observations made
with Chandra (Bamba et al. 2005; Iyudin et al. 2005;
Pannuti et al. 2010; Allen et al. 2015).
4. ISM DISTRIBUTIONS
4.1. CO and Hi distributions
CO is a tracer of molecular gas with density of a few
times 100 cm−3 or higher and the Hi traces the atomic
gas with lower density less than several 100 cm−3. The
density range between them may be probed by the cool
Hi gas as seen in self-absorption if the background Hi
is bright enough. Such Hi self-absorption is in fact ob-
served in RX J1713.7−3946 and is identified as part of
the target ISM protons in the hadronic γ-ray production
(F12).
Figure 1b shows a three-color image of RX J0852.0−4622,
consisting of 12CO(J = 1–0) in red, Hi in green, and
X-ray (2–5.7 keV) in blue. Hi emission delineates the
outer boundary of the X-ray shell, except for the south-
east and northeast. In the western region, the X-ray
shell is well correlated with the CO clumps.
11
Figure 4c. Continued.
Figures 2 and 3 show the velocity channel distributions
of 12CO(J = 1–0) and Hi every 5 km s−1 in the range
from −10 km s−1 to 80 km s−1, where the H.E.S.S.
TeV γ-ray contours are superposed. The giant molecular
cloud at 0–15 km s−1 is the VMR (Murphy & May 1991;
Yamaguchi et al. 1999a,b; Moriguchi et al. 2001). The
other CO features are all small and clumpy. We list
the observational parameters of the small CO clouds in
Table 1; the position of peak intensity within the cloud,
velocity, line intensity, size, and mass.
4.2. Associated clouds
We shall first identify seven candidates CO clouds so
named CO 0 S, CO 20 E, CO 25 W, CO 25 C, CO 30 E,
CO 45 NW, and CO 60 NW, where their typical velocity
is indicated by the Figure 5. In addition we show five
Hi features, Hi 0 S, Hi 25 W, Hi 30 E, Hi 45 N, and
Hi 60 NW in Figure 6, which are candidates for the Hi
counterparts of the CO. By combining these CO with
the Hi and the shell distribution, we select the plausible
candidates for the clouds interacting with the SNR.
Figure 4a shows an overlay between CO and Hi. The
CO corresponds well the south-western rim of the shell.
This shows a clear association of CO cloud CO 25 W
with the SNR. Hi 25 W is also associated with this CO
showing a shift in position from the center to northwest
in Figure 4a. The shift is consistent with part of an ex-
panding shell on the near side at an expanding velocity
around 5–10 km s−1. We also note that Hi 25 W is likely
located toward the tangential edge of the shell, suggest-
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Table 2. Observed Properties of Hi Supershells toward RX J0852.0−4622
ID Name l b vc r a b φ vexp Reference
(deg) (deg) (km s−1) (deg) (deg) (deg) (deg) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1 GS 268−01+066 267.8 −1.1 66 —– 2.2±0.2 1.7±0.2 −36.9 10.3 [1]
2 GS 263−02+45 262.6 −1.8 45 3.6 ±0.4 —– —– —– 14 [2]
3 GS 265−04+35 264.9 −3.6 35 2.47±0.05 —– —– —– 9 This work
Note—Col. (1): Supershell ID. Col. (2): Supershell name. Cols. (3–4): Central position of the the supershell.
Col. (5): Central radial velocity of the supershell. Col. (6): Radius of the fitted circle. Cols. (7–8): Major and
minor semi-axis of the fitted ellipse. Col. (9): Major axis inclination φ relative to the Galactic longitude, measured
counterclockwise form the Galactic plane. Col. (10) Velocity extension of the supershell. Col. (11): [1] Suad et al.
(2014), [2] Arnal & Corti (2007).
Figure 5. A summary of the 12CO(J = 1–0) features in
RX J0852.0−4622. The gray image and white contours show
the TeV γ-ray distribution and the color contours show the
CO features. The integration velocity ranges are as follows:
−3 km s−1 to 7 km s−1 (contour level: 4.4 K km s−1, ma-
genta) for the CO 0 S cloud; 15 km s−1 to 24 km s−1 (contour
level: 1.8 K km s−1, cyan) for the CO 20 E cloud; 22 km s−1
to 30 km s−1 (contour level: 2.3 K km s−1, green) for the
CO 25 W cloud; 22 km s−1 to 30 km s−1 (contour level: 1.7
K km s−1, orange) for the CO 25 C cloud; 28 km s−1 to 35
km s−1 (contour level: 1.7 K km s−1, yellow) for the CO 30 E
cloud; 40 km s−1 to 50 km s−1 (contour level: 1.9 K km s−1,
blue) for the CO 45 NW cloud; and 61 km s−1 to 67 km s−1
(contour level: 1.5 K km s−1, red) for the CO 60 NW cloud.
ing that the central velocity of the ISM associated with
the SNR is around 25 km s−1.
Figures 4b and 4c show two additional cases of the
association. Figure 4b shows CO 30 E with Hi tail ex-
tending outward from the centre, Hi 30 E. The Hi is V-
shaped pointing toward the centre of the SNR. CO 30 E
is located at the tip of the Hi and is elongated in radial
direction. We suggest that the distribution presents a
blown-off cloud overtaken by the stellar wind by the SN
progenitor, where the dense head of CO survived against
the stellar wind with a Hi tail. A similar morphology
is seen toward CO 25 C in Figure 4c. The CO is also
elongated toward the centre and the Hi, part of Hi 45 N,
shows elongation in the same direction with the CO at
the inner Hi tip (Figure 4c). We discuss more quantita-
tive details of the interaction in the next section. The
three CO features, CO 25 W and CO 25 C, in a velocity
range from 20 km s−1 to 30 km s−1 suggest the physical
association of the CO and Hi with RX J0852.0−4622.
We also note that the small double feature CO 0 S is
seen toward the southeast of the γ-ray feature. These
features and the Hi 0 S (Figure 6) show correspondence
with the γ-rays. To summarize, the CO in a velocity
range from −3 km s−1 to 30 km s−1 with a central ve-
locity 25 km s−1 shows signs of the association with the
SNR.
Based on these candidates for the association, we ex-
tended a search for CO and Hi in a velocity from −5 km
s−1 to 65 km s−1 in Figures 2 and 3, and have summa-
rized the possible candidate features in Figures 5 and
6. These candidate CO and Hi features are CO 20 E,
CO 45 NW and CO 60 NW, and Hi 45 N, and Hi 60 NW.
It is notable that CO 25 W is found toward the γ-ray
shell (panel 25–30 km s−1).
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Figure 6. A summary of the Hi features in RX J0852.0−4622. The integration velocity ranges are as follows: −4 km s−1 to 1
km s−1 for the Hi 0 S cloud; 23 km s−1 to 34 km s−1 for the Hi 25 W cloud; 26 km s−1 to 35 km s−1 for the Hi 30 E cloud; 44
km s−1 to 48 km s−1 for the Hi 45 N cloud; 59 km s−1 to 66 km s−1 for the Hi 60 NW cloud. The white contours are the same
as Figure 2.
4.3. Distance of the ISM: Hi supershells
The central velocity of the ISM associated with
RX J0852.0−4622 is around 25 km s−1 with a veloc-
ity span of ∼ 50 km s−1. 25 km s−1 corresponds to
a kinematic distance of 4.3 kpc if the galactic rotation
model is adopted (Brand & Blitz 1993), significantly
different from the adopted distance value of 750 pc
(Katsuda et al. 2008; Allen et al. 2015). We shall look
at the Hi distribution around the SNR in order to clarify
this discrepancy.
Figures 7a, 7b, and 7c show the Hi distributions in
the velocities of 66 km s−1, 45 km s−1, and 35 km
s−1, respectively. By a conventional Galactic rotation
model, these velocities correspond to distances of 8.7
kpc, 6.4 kpc, and 5.4 kpc (Brand & Blitz 1993). We
argue here that the Galactic rotation is not the dom-
inant cause of the Hi velocity but that the expanding
motion of several Hi supershells is mainly responsible
for the line of sight velocity. In fact, Suad et al. (2014)
and Arnal & Corti (2007) identified the Hi supershells,
GS 268−01+066 and GS 263−02+45 (see Figures 7a
and 7b) toward the SNR. In addition, we newly iden-
tified the Hi supershell “GS 265−04+35” as shown in
Figure 7c. The supershell has also an expanding mo-
tion and shows the front and rear wall in the Hi spec-
trum (see more details in Appendix). Figure 7d shows
a schematic view of the supershell boundaries toward
the SNR RX J0852.0−4622. The TeV γ-ray contours
are overlapped three supershells, indicating that the ex-
panding motion of the supershells dominates the Hi ve-
locity field around the SNR. Their detailed physical pa-
rameters are shown in Table 2.
The Hi position-velocity diagram on a large scale is
shown in Figure 8. The Hi gas toward the SNR is not
ordered in the spiral arm at 60 km s−1 to 80 km s−1 and
the Hi has several velocity features at 0 km s−1, 20–30
km s−1 and 40–50 km s−1 toward RX J0852.0−4622 in
l = 263–268 degrees, all of which show kinematic prop-
erties consistent with part of an expanding shell (Fig-
ure 7). We therefore suggest that the apparent velocity
shifts of the Hi in the region are due to the expansion
of supershells which are driven by several stellar clusters
located in the centre of each shell. The known molecular
supershells, including the Carina flare supershell, show
an expanding velocity of 10 km s−1 with a ∼ 10 Myrs age
(Fukui et al. 1999; Matsunaga et al. 2001; Dawson et al.
2008a,b, 2011a,b, 2015). We generally find no direct ob-
servational hints for any stellar clusters although it is
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Figure 7. Hi supershells toward the region of RX J0852.0−4622. Hi intensity maps of supershell 1 (a: GS 268−01+066;
Suad et al. 2014), supershell 2 (b: GS 263−02+45; Arnal & Corti 2007), and supershell 3 (c: GS 265−04+35; This work),
respectively. The central velocities are shown in each panel. The white circles indicate the best-fit radius having thickness of an
error. Superposed are the H.E.S.S. γ-ray contours in white at every 20 counts from 50 counts as the lowest. (d) Schematic view
of the supershell boundaries toward the SNR RX J0852.0−4622. Each circle shows the outer boundaries of the Hi supershells.
The detailed physical parameters are shown in Table 2 (see also Appendix).
not unusual that we see no clear signs of clusters, which
should become faint, in 10 Myrs due to the evolution of
high mass stars in the cluster.
4.4. Total ISM protons
We here derive the total ISM proton density. The
molecular column density is calculated by canonical con-
version factors and the error corresponds to 3 sigma
noise fluctuations. The total intensity of 12CO(J = 1–
0) can be converted into the molecular column density
N(H2) (cm
−2) by the following relation;
N(H2) = XCO×W (
12CO) (1)
where the XCO factor N(H2) (cm
−2)/W (12CO) (K
km s−1) is adopted as XCO = 2.0 × 1020 (cm−2 / K
km s−1) (Bertsch et al. 1993). Then, the total proton
density is given as Np(H2) = 2N(H2).
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Figure 8. Longitude-velocity diagram of the Hi emission
obtained with the Leiden/Argentine/Bonn (LAB) survey
(Kalberla et al. 2005). The integration range is from −2.5
degree to 0 degree in the Galactic latitude. Black solid and
bashed lines indicate the region of RX J0852.0−4622. Or-
ange, purple, and cyan dashed lines show the Cygnus arm,
Perseus arm, and Carina arm, respectively (Valle´e 2008).
Figure 9. Correlation plot between theWp(Hi) and Np(Hi)
in consideration of the optically thick Hi (see the text for de-
tails). Red crosses and blue solid line represent the averaged
values of Np(Hi) and their best-fit curve. The dashed line
indicates the Np(Hi) with optically thin case.
Usually, the atomic proton column density is esti-
mated by assuming that the 21 cm Hi line is opti-
cally thin. If this approximation is valid, the Hi col-
umn density Np(Hi) (cm
−2) is estimated as follows
(Dickey & Lockman 1990);
Np(Hi) = 1.823× 10
18
∫
TbdV (cm
−2), (2)
where Tb (K) and V (km s
−1) are the 21 cm in-
tensity and the peak velocity. Fukui et al. (2014,
2015) made a new analysis by using the sub-mm
dust optical depth derived by the Planck satellite
(Planck Collaboration et al. 2014) and concluded that
the Hi emission is generally optically thick with opti-
cal depth of around 1 in the local interstellar medium
within 200 pc of the sun at the Galactic latitude higher
than 15 deg. This optical depth correction increases
the Hi density by a factor of ∼ 2 as compared with
the optically thin case. We adopt this correction by us-
ing the relationship between the Hi integrated intensity
and the 353 GHz dust optical depth τ353 given in Fig-
ure 9 (see also Planck Collaboration et al. 2014). Since
RX J0852.0−4622 is close to the Galactic plane, the
353 GHz dust optical depth is not available for a single
velocity component as in the local space. Instead, we
adopt the empirical relationship between W (Hi) and
τ353 in Figure 9 in order to estimate the Np(Hi) from
W (Hi). The ratio of the Np(Hi) and τ353 is determined
to as follows in the optically thin limit (Fukui et al.
2015, equation (3)),
Np(Hi)
1× 1021 (cm−2)
=
(
τ353
4.77× 10−6
)1/1.3
(3)
hence,
Np(Hi) = (1.2× 10
25)× (τ353)
1/1.3 (cm−2) (4)
where the non-linear dust property, Np(Hi) ∝
(τ353)
1/1.3 derived by Roy et al. (2013); Okamoto et al.
(2017) is assumed, and this non linearity does not alter
Np(Hi) significantly in the present W (Hi) range.
The Hi velocity range is taken to be 20 km s−1 to
50 km s−1 and −4 km s−1 to 1 km s−1, where VMR is
dominant in the velocity range from −5 km s−1 to 15 km
s−1. The CO 0 S, CO 25 W, and CO 25 W locations are
also taken into account as the molecular components.
The total ISM proton column density is given by the
sum as follows;
Np(H2 +Hi) = Np(H2) +Np(Hi), (5)
Figures 10a, 10b, and 10c present the total molecular
protons, atomic protons and the sum of the molecular
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Figure 10. Distributions of column density of the ISM protons (a) Np(H2), (b) Np(Hi), and (c) Np(H2 + Hi). Superposed
contours are the same as in Figure 2. (d) Azimuthal distributions of Np(H2), Np(Hi), Np(H2 + Hi), and normalized TeV γ-ray
between the two elliptical rings shown in (c). The proton column densities are averaged between the rings in units of cm−2 (see
the text). The same plots inside the inner ring are shown on the right side of (c). The shaded area was excluded due to the
contamination of the PWN (see the text).
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and atomic protons, respectively. The resolution is ad-
justed to the major axis of the beam size (245′′).
Our assumed distance around 1 kpc for most of the
associated ISM features is independently confirmed by
the visual extinction AV seen in the southern half of the
SNR where the foreground contamination by the VMR
is not significant. Figure 12 shows the Av distribution
from the Digitized Sky Survey I (DSS I; Dobashi et al.
2005) where AV is estimated by star counting of the
2MASS data. The direction (l, b) = (266◦, −1◦) is
where the number of stars is small as compared with the
Galactic centre and AV is not very accurately estimated
in general. Nevertheless we see a clear indication of en-
hanced AV features in Figure 12, where AV is typically
0.7 mag to 1.7 mag as is clearly seen toward the south-
ern part of the γ-ray shell, and the CO 0 S, Hi 0 S, and
CO 25 W clouds. The peaks have total proton column
density of 5–10×1021 cm−2 in Figure 10c, corresponding
to AV = 3–5 mag (AV = Np(H)/1.7× 10
21 cm−2 mag).
The fact that the extinction is visible toward the SNR
indicates that the cloud is relatively close to the sun,
and the image in Figure 12 is consistent with a distance
around 1 kpc.
4.5. TeV γ-rays
The histogram in Figure 11 indicates the average TeV
γ-ray count taken every 0.1 degrees as a function of ra-
dius from the shell centre (l, b) = (266.◦28, −1.◦24) ob-
tained by H.E.S.S. (Aharonian et al. 2007b). The er-
ror is conservatively estimated as the (oversampling-
corrected total smoothed count)0.5. We shall here an-
alyze the γ-ray distribution by using a spherical shell
model. The distribution is fit by a spherically symmet-
ric shell, following the method of F12 and a Gaussian
intensity distribution in radius of the γ-ray counts as
follows;
F (r) = A× e−
(
r−r0
)
2
/2σ2 (6)
where A is a factor for normalization, the radius r0 at
the peak and the width of the shell σ. The green line in
Figure 11 shows the results. r0 = 0.91 degrees, σ = 0.18
degrees. They correspond to ∼ 12 pc and ∼ 2.4 pc, at
750 pc.
The azimuthal γ-ray distributions are obtained by tak-
ing the two circles centered at (l, b) = (266.◦28, −1.◦24),
where the radii of these circles are determined to be 0.64
degree and 0.91 degree, respectively, at the 1/3 count
level of the peak of the Gaussian shell shown in Figure
11. The projected distribution is shown by the orange
color. The range of the radius is the same as adopted by
Figure 11. The radial distribution of the TeV γ-rays. The
normalized γ-ray smoothed counts are plotted vs. radius
measured from (l, b)=(266.◦28, −1.◦24). The small dots in-
dicate the data points and the large dots averaged values in
every 0.1 degrees in radius. The three dimensional TeV γ-ray
emission is fitted by a spherical shell with Gaussian intensity
distribution. Fitting is made within 1.2 degrees in radius.
The green line indicates the three dimensional distribution
and the orange the projection on the sky. The Gaussian is
peaked at 0.91 degrees (∼ 11.8 pc) with a FWHM of 0.42
degrees (∼ 5.6 pc). We excluded the data at an azimuthal
angle from 0 degree to 30 degree due to the contamination
of the PWN.
Aharonian et al. (2007b). The fitting seems adequate in
a range from 0.0 to 1.2 degrees.
5. DISCUSSION
Spatial correspondence between γ-rays and ISM pro-
tons is a key to discerning the γ-ray production mecha-
nism (I12, F12). Figures 10 shows a comparison between
γ-rays and ISM in the azimuthal distribution (the angle
is measured clockwise with 0 degrees in the southeast).
The TeV γ-ray counts were normalized.
The correspondence between the two is remarkable
good, while some small deviations between them are
seen at angles of−60 to 0 degrees and 120 to 150 degrees,
and at the inside of the shell. This offers a third case af-
ter RX J1713.7−3946 (F12), which supports a hadronic
origin of the γ-rays via spatial correspondence. The to-
tal Hi and H2 masses involved in the shell are estimated
to be ∼ 2.5× 104 M⊙ and ∼ 10
3 M⊙ within the radius
of ∼ 15 pc, respectively.
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Figure 12. (a) Distribution of visual extinction estimated by the Digitized Sky Survey I (Dobashi et al. 2005). False color is
the extinction and contours the TeV γ-rays. The northern half (magenta shaded) is the region of Vela Molecular Ridge. (b)
Distributions of column density of the total ISM protons Np(H2 + Hi) shown in Figure 9c. The contours are the same as in (a)
In Figure 10a there is a point which shows significant
deviation at an angle of 0 to 30 degrees and this cor-
responds to the position of the PWN unrelated to the
SNR shell, because the pulsar characteristic age is 140
kyr and the large velocity ∼ 3000 km s−1 needed if the
pulsar is a remnant of the SNR (e.g., Acero et al. 2013;
H.E.S.S. Collaboration et al. 2016c). The positions be-
tween 30 degrees and 150 degrees show a trend that the
ISM proton column density under-estimates the γ-rays
by less than 10 %. These positions show no CO emission
and the Hi only is responsible for the ISM protons.
In Figure 10c, the shell seems more intense in the γ-
rays and may suggest that CR is enhanced as suggested
by the significantly enhanced X-rays. We estimate the
total energy of CR protons above 1 GeV by using the
equation below (H.E.S.S. Collaboration et al. 2016c);
Wp,tot ∼ (7.1± 0.3stat ± 1.9syst)× 10
49(d/750 pc)2
(n/1 cm−3)−1 (erg) (7)
where d is the distance, 750 pc, and n the proton den-
sity, ∼ 100 cm−3, by adopting the shell radius ∼15 pc
and the thickness ∼9 pc. Wp,tot estimated to be ∼ 10
48
erg, corresponding to 0.1 % of the total kinetic energy
of a SNe ∼ 1051 erg. The Hi distribution seems to be
fairly uneven in space and velocity as suggested by the
non-uniform distribution in Figure 6. The coupling be-
tween CR protons and the target protons may not be
complete. According to Inoue et al. (2012), the effective
mean target density for CR protons ntg can be written
as ntg ≃ nf , where f is the volume filling factor of the
interstellar protons. The value Wp,tot is therefore to be
regarded as a lower limit.
In RX J1713.7−3946 the total molecular mass and
atomic mass are ∼ 104 M⊙ for each and the to-
tal energy of the CR protons of 1048 erg (F12). In
RX J0852.0−4622, the total atomic mass is ∼ 2.5× 104
M⊙, while the total molecular mass is ∼ 10
3 M⊙. Given
the radii of the two SNRs, the average density over the
whole volume of RX J1713.7−3946 is similar to that in
RX J0852.0−4622. We find that these two young TeV
γ-ray SNR have total CR proton energy at an order of
1048 erg. The energy is significantly smaller than those
discussed before (e.g., Aharonian et al. 2006) and sug-
gests that the fraction of the explosion energy converted
into CRs appears fairly low 0.1 % in such a young stage
coupled with effect of the volume filling factor. The
efficiency may possibly grow in time and this can be
tested by exploring middle-aged SNRs with an age of
104 yrs. In fact for the middle-aged SNRs W44, W28,
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Figure A1. Velocity profile through the supershell 3
(GS 265−04+35). The solid line corresponds to the cen-
tral velocity and dashed line indicates the velocity of front
wall.
and IC443, the total CR proton energy is ∼ 1049 erg
(Giuliani et al. 2010, 2011; Yoshiike et al. 2013, 2017).
Non-thermal X-rays indicate particle acceleration in
the SN blast waves. Slane et al. (2001a,b) analyzed
the X-rays with ASCA observations. They showed
that the non-thermal X-rays are dominant similarly to
RX J1713.7−3946. The absorption column density in
front of the X-rays is 1.4× 1021 cm−2 toward the west-
ern rim is consistent with the present ISM proton distri-
bution in Figure 10c. ISM inhomogeneity is suggested
by the CO clumps in Figure 5 (CO 30 E and CO 25 C)
overtaken by the blast waves. The situation is similar
to the inside of RX J 1713.7−3946. DSA works for CR
acceleration in the low-density cavity and the CR pro-
tons can collide with the ISM protons in the SNR. The
diffusion length is estimated to be 1 pc for the magnetic
field of 10 µG and CR proton energy of 100 TeV, large
enough for the CR protons to interact with the CO and
Hi.
We note that there is a correlation between the γ-
rays, X-rays and the ISM. All these components are en-
hanced on the western rim of the SNR but the eastern
rim is quite weak. This distribution is interpreted in
terms of the enhanced turbulence in the western rim
such as suggested by magneto-hydro-dynamical numer-
ical simulations by I12. These authors showed that the
shock interacting with dense clumps create turbulence
and that the turbulence amplifies the magnetic field up
to 1mG. Thus enhanced magnetic field can intensify the
synchrotron X-rays and efficiently accelerate CRs, lead-
ing to the increase of the γ- and X-rays.
RX J0852.0−4622 is suggested to be a core collapse
SNR (Aschenbach 1998). The parent cloud of the SN
Figure A2. (a–c) Velocity channel distributions of the Hi
supershell 3 (GS 265−04+35). The boundary of fitted shells
are shown by white circles for each radial velocity. (d–e)
Model velocity distributions of the expanding shell of the
supershell 3. Iso-velocity lines are shown here, and red ar-
eas show the corresponding velocity range shown in Figures
A2(a–c).
progenitor is likely the one at 25 km s−1 elongated along
the plane by 100 pc to the west. It is the most massive Hi
complex in the region. The total Hi mass of the cloud
is roughly estimated to be 105 M⊙ and the H2 mass
104 M⊙. The Hi cloud is found to be located in the
intersection among at least three Hi supershells which
are expanding at 10–15 km s−1. Collisions among the
shells may be responsible for formation of the parent
cloud in this relatively diffuse environment outside the
solar circle (e.g., Dawson et al. 2011a,b).
6. SUMMARY
We have carried out a combined analysis of CO and Hi
toward the youngest TeV γ-ray SNR RX J0852.0−4622
following the first good spatial correlation found in
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RX J1713.7−3946. The main conclusions of the present
study are summarized as follows;
1. The ISM in a velocity range from −4 km s−1 to 50
km s−1 is likely associated with the SNR. The ISM
is dominated by the Hi gas and the mass of the
molecular gas probed by CO corresponds to about
4 % of the Hi gas. This association is supported by
the morphological signs of the interaction between
CO/Hi and the SNR, such as cometary-tailed and
shell-like shapes, in 20 km s−1 to 30 km s−1. The
visual extinction in the south of the SNR corre-
sponding the ISM protons lends another support
for the association.
2. The total ISM protons show a good spatial corre-
spondence with the TeV γ-rays in azimuthal dis-
tribution. This provides a third case of such cor-
respondence next to the SNR RX J1713.7−3946
and HESS J1713−347, a necessary condition for
a hadronic component of the γ-ray emission. The
total CR proton energy is estimated to be 1048 erg
from the γ-rays measured by H.E.S.S. and the av-
erage ISM proton density 100 cm−3 derived from
the present study. The CR energy is a similar
value obtained for RX J1713.7−3946 and is 0.1 %
of the total kinetic energy of a SNe.
3. The large velocity splitting of the Hi gas is likely
due to the expansion of a few supershells driven by
star clusters but is not due to the Galactic rota-
tion. The velocity range from 0 km s−1 to 60 km
s−1 corresponds to that of the inter-arm features
between the local arm and the Perseus arm. We
find a possible parent Hi/CO cloud where the high
mass stellar projenitor of the SNR was formed.
This cloud located toward the interface of a few
supershells and has a mass of 105 M⊙ in Hi.
APPENDIX: IDENTIFICATION OF THE
SUPERSHELL GS 265−04+35
In order to identify the supershell GS 265−04+35, we
used following three steps;
1. Searching for a central velocity of Hi supershell
Investigating the Hi profile toward the supershell
and searching for the velocity with minimum Hi
intensity. We defined that the velocity is the
central velocity of an expanding motion (c.f.,
McClure-Griffiths et al. 2002). The front and rear
walls were also identified (Figure A1). The ex-
panding velocity was estimated to be ∼ 9 km s−1
as a difference between the central and front wall
velocities (see also Table 2).
2. Estimating a geometric center of the Hi supershell
In the Hi map of the central velocity, we estimated
a radial distance of the supershell as defined at
peak Hi intensity every 15 degree for an assumed
geometric center. We circulated only the radial
distance with the peak Hi intensity of 30 K or
higher. We minimized the dispersion of radial dis-
tances in azimuth angles, which gives the geomet-
ric center to be (l, b) = (264.◦9, −3.◦6) (see also
Table 2).
3. Estimating the averaged radii and compared these
with the model
We calculated the averaged radii from the geomet-
ric center for each velocity as shown in Figures
A2a–A2c, and compared these with a model of ex-
panding shell (Figures A2d–A2f).
Finally, we confirmed that GS 265−04+35 is the ex-
panding Hi supershell.
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